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1) Experimental methods section
The infrared photodissociation (IRPD) experiments are performed on a cryogenic ion trap tandem mass spectrometer [1] using the widely tunable, intense IR radiation from the Fritz-Haber-Institute Free−Electron Laser (FHI FEL). [2] [VPO4] •+ ions are generated as previously described. [3] Briefly, [VPO4] •+ ions are produced by collision induced dissociation after the corresponding precursor is transferred to the gas phase using a commercial Z−spray electrospray ionization (ESI) source and a millimolar solution of VOCl3 and PO(OEt)3 (both purchased from Sigma−Aldrich) in methanol, which were introduced through a stainless steel capillary to the ESI source by a syringe pump (∼10 μL min −1 ). Nitrogen was used as nebulizing and drying gas at a source temperature of 80 °C. The best ion yield was achieved by adjusting the cone voltage (UC) to 170 V. The beam of cations pass through a 4 mm diameter skimmer and are collimated in a radio frequency (RF) decapole ion guide. The desired cations are mass−selected using a quadrupole mass filter, deflected 90° in an electrostatic quadrupole deflector, and focused into a cryogenic RF ring−electrode ion trap. The trap is continuously filled with a reactant gas/ buffer gas mix of 0.025 % C2H4 in He at an ion-trap temperature of 150 K. Many collisions of the trapped ions with the mixture gas provide gentle cooling of the internal degrees of freedom close to the ambient temperature. Under these conditions, only small amounts of [VPO3] •+ and C2H4-tagged [VPO3] •+ ions [VPO3] •+ ·(C2H4)1-2 (see Fig. 1b and Fig. 3b ) are formed.
For the IRPD experiments of the [VPO4, C2H4] •+ complex we used a second C2H4 molecule as a messenger tag ( Fig. 3 and Fig. S2 ). All ions are extracted from the ion trap at 5 Hz and focused both temporally and spatially into the center of the extraction region of an orthogonally mounted reflection time−of−flight (TOF) tandem photofragmentation mass−spectrometer. Here, the ions are irradiated with a counter−propagating IR laser pulse produced by the FHI FEL (700−1800 cm −1 , bandwidth: ~0.5 % fwhm, pulse energy: 4−32 mJ). All parent and photofragment ions are then accelerated toward an MCP detector and monitored simultaneously. IRPD scans are recorded by averaging about 100 TOF mass spectra per wavelength step (3 cm −1 ) and scanning the wavelength. Typically, at least three scans are summed to obtain the final IRPD spectrum. The photodissociation cross section σIRPD is determined as described previously. [4] 2) Computational section All calculations were performed using the Gaussian09 package. [5] Geometries were optimized at the unrestricted UB3LYPD2 level of theory [6] with the triple-ζ plus polarization basis sets def2-TZVP. [7] Vibrational frequency analyses have been carried out at the same level of theory to characterize the nature of stationary points as minima or transition structures, to derive the zero-point energy (ZPE) 2/5 corrections, and to assign the IR relevant structures. All relative energies presented in this work are corrected for ZPE and given in kJ mol -1 . Intrinsic reaction coordinate (IRC) [8] calculations or manual displacements along the reaction trajectory of the imaginary frequency were performed to link all transition states with the respective intermediates. All given ionic reactants, intermediates, and transition states have been located on the ground-state doublet potential energy surface.
It is known that B3LYP vibrational frequencies are systematically too large; [9] however, the agreement with observed frequencies can be improved by appropriate scaling. Scaling then accounts for both anharmonicities and systematic errors of the calculated harmonic force constants (calculated harmonic wavenumbers are compared to observed fundamentals including anharmonicities). We use scaling parameters that were determined for small vanadium oxide cluster cations. [10] The vanadyl (V = O) modes are scaled by 0.9167 and all other modes by 0.9832. The simulated linear absorption spectra are derived from scaled harmonic frequencies and intensities. The band at 1653 cm -1 is assigned to the C=O stretching mode. The weak band b (1575 cm -1 ) is assigned to the C=C stretching mode, which confirms that the integrity of the second ethylene, which acts as a tag, remains intact. The other two intense bands g (1033 cm -1 ) and h (999 cm -1 ) are assigned to the combination of symmetric PO2 stretching with terminal V=Ot stretching mode and antisymmetric PO2 stretching mode, respectively. The terminal V=Ot stretching mode at 1033 cm -1 is line with the IRPD data reported previously for [CeVO4] •+ , [11] [V2O4] •+ , [10] VPO4] •+ , [3] and [AlVO4] •+ . [12] The weak bands c (1404 cm -1 ), d (1347 cm -1 ), e (1147 cm -1 ) are assigned to two C-H bending modes and the C-C-H bending mode in CH3CH=O moiety, respectively, and the weak band f (1078 cm -1 ) is assigned to the C-H bending mode in CH2=CH2. 
3) Details regarding the structures in Figure 3
The reaction of [VPO4]
•+ with C2H4 also yields small amounts of C2H4-tagged [VPO3] •+ ions, which are formed by CH3CHO desorption from [VPO4,C2H4] •+ ·(C2H4)n,. We also measured IRPD spectra of these ions. The comparison in Fig. S3 shows that C2H4-tagged [VPO3] •+ ions contain the P-O2-V=O, and not the O=P-O2-V, structure, yielding additional support that the P-center represents the active site for the OAT reaction of [VPO4] •+ with C2H4. 
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